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[57] ABSTRACT

An apparatus and method for investigating a borehole
with energy transmissions whose directivity is varied in
real time during the investigation is described. A plural-
ity of transmitters are employed on a well logging tool
with at least one receiver located ahead of the transmit-
ters. The transmitters are repetitively activated to trans-
mit a wave of energy to the receiver which produces a
received wave. A parameter of the received wave is
derived and used to vary the relative delay of activation
of the transmitters to direct the beam of energy in a
manner whereby the parameter is effectively enhanced
for a subsequent investigation. A real time control is
provided over the directivity of the energy transmis-
sions to preferentially emphasize a particular segment of
a received wave. An acoustic borehold investigation is
described with which the detection of the travel time of
a compressional wave or the peak value of a predeter-
mined half cycle are optimized by controlling the direc-
tivity of the acoustic transmissions in real time. -

25 Claims, 4 Drawing Figures

10 | J4 { _
\ | DETERMMNE & ST
Fﬁ»’i’ﬁﬂm‘ ?‘ER& 4?55 PEVERNVIIN E
- AS B FUMCTIon CELTH ¢ OF
OFfF DELPTH FRANSITITTERS
30
J#__
36 38
"
g
702 |
N
R
7
R 42 40
% 7/ 4
N COMPLTE
. APPLY AF 70 ACTIVRTION DELAY
% CONIROL AF RS A FUNCTION
S ACTIVR 770N OF A7 A[AwnD ‘
_ f rimes orl & SPACING Sg
Yy
g |
» 208 /4 |

44




U.S. Patent oOct. 31, 1978 Sheet 1 of 3 4,123,744

74 34 };/L;C/.f

)
l
10 | l — — ‘ - T
\ | DETERMINE & STORE '"
4 - Pﬁﬁﬁ%grfﬁé A?f fTERM”VE
AS A FUMTION ELTH ay OF
30 |
74
Eg
N ' |
> .
A 7 - ‘
.
D
% |
% |
\ 47 4
7 / / l
S ——— COMPUTE
N preLy AF 70| \acrvarion oecay |||
% CONTROL AF AS A FUNCTION
ACTIVAT7ON OF A7 AND l
rimes orF7, &7 SPACING Sy

T ST b0 osssbbbiebbbh

716




U.S. Patent o«t. 31, 1978 Sheet 2 of 3 4,123,744

2%

~=7 ! ESTIMATE |_— 74
F ety & / 90
- SELECT BEST
PRIRMETER VRLUE
ALIUST AF, 70
— _ ASSOCIRTEL AF'
/=3 / ~
r AF =0F,—{ —- \
d =5 ~c nrf_—o(-’—’)J %
AF=DF+ S
) /76
29 SET ANF=AF'
HAND RACTIVA 7£
7, & T2

40
/

STORE PND [OR
PLOT WARHVEFOFM

76 | prgrrrzE
| wave

DETECT R F
CYCLE & STORE

PRARRMETER
VAL E




gor. 9. %4 et - 1 4_
_ IFNIA YL IWEN S

Sl IFNOLS anNl

Ay FAAL! TdVE Nt Td
GILIOFLTE LIIN/

4,123,744

AY770 a/t

- _
I | / _
e 043 _ 4] _
.w. o 70/ ¥ .\ | 7
=
7 GFl s

| 75 77 _
5 Y TS | V74 A
. ) oL, | |
™ a1t NOILITL _

. _ . Fa

3 | MYors57470 NTLI WY NS |
O CT7OMETYIL | TIFTUNT

ZFF

oL \ SYIN FT27Y | _
Ly 0=~/

g0/

U.S. Patent
N
N
\




1

METHOD AND APPARATUS FOR
DYNAMICALLY INVESTIGATING A BOREHOLE

FIELD OF THE INVENTION

This invention relates to a well logging method and
apparatus wherein the directivity of energy transmis-
sions is adjusted during the investigation of a borehole.
More specifically, this invention relates to a method and
apparatus for dynamically steering acoustic transmitters
during the investigation of the borehole.

BACKGROUND OF THE INVENTION

Acoustic well logging methods and systems have
been extensively described in the art. In a typical system
an acoustic transmitter is located above a pair of sonic
receivers on a well logging tool. As the tool is pulled
upwardly, the transmitter is actuated to direct acoustic
energy into the borehole. As a result of the transmitter’s
cylindrical shape, most of its energy is directed normal
to 1ts axis and radially outward towards the surrounding
earth formation where it subsequently travels both up-
ward and downward along the borehole wall as well as
outward in the formation. The receivers, located below
the transmitter, utilize only the part of the energy trav-
eling downward along the borehole and through the
formation. The energy traveling upward and outward
18, consequently, not utilized. This inefficient energy use
limits spacing allowable between the transmitter and
receivers. Energy received by a receiver located too far
from a transmitter would be too low to allow reliable
processing of received waves to derive information
such as the travel time of a particular wave, or the
magnitude of the wave, or such other parameter which
leads to an understanding of the earth formation around
the borehole as a function of depth.

The magnitude of the waveforms incident upon the
receivers is a function of a large number of factors such
as attenuation of the waveforms due to the transmitter
to receiver spacing, the character of the formation, the
dominant frequency spectrum of the acoustic energy,
‘borehole shape and size. Also, formations may be acous-
tically altered near the borehole such that signals from
recetvers located at short transmitter-to-receiver spac-
ings do not represent the radially deeper unaltered for-
mation characteristics. To make accurate measurements
under such conditions requires longer spacings and
stronger signals at these distant receivers. In light of the
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variable nature of the earth formation, the magnitude of sq

the acoustic energy incident upon the receivers fre-
quently tends to be marginal. |
Proposals have been made to improve the magnitude
of the acoustic waves traveling downward toward the
receivers by controlling the directivity of the energy
distribution from the transmitter. One technique, such
as 1llustrated in U.S. Pat. No. 3,136,318 issued to Ander-
son on June 9, 1964, alters the directivity pattern in a
fixed manner. In other techniques the directivity pattern
may be mechanically adjusted, as described in U.S. Pat.
No. 3,542,150 issued to Youmans; or electrically ad-
justed such as by the technique described in U.S. Pat.
No. 3,496,553 issued to Semmelink. These adjustments
are usually made prior to running the borehole tool into
the borehole to perform the logging and are conse-
quently based upon estimated logging conditions. The
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electrically adjustable techniques usually employ a

technique known as beam steering, involving a delayed
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firing of the transmitters so that the overall energy
pattern has a peak in a particular direction.

As described in the Semmelink patent, a transmitter is
formed of a plurality of separate elemental generators
which are closely spaced from each other along the axis
of the borehole tool. These generators are electrically
connected in series through electrical delay lines. When
the transmitter is fired, the uppermost generator is
pulsed first with the pulsing of each lower generator
delayed relative to the one above it. Delays are such
that the pulsing of each element generates an acoustical
wave which is in phase with the previously generated
waves traveling downward. This phase delayed pulsing
generates an overall acoustical pulse whose energy
distribution is particularly enhanced in a direction from
the first toward the last pulsed element of the transmit-
ter. This directivity changes both with the physical
distance between the elements and the internal delay.
The physical distance is set on an assembly of the trans-
mitter. The electrical delay could be changed in the
field by changing the charging voltage or capacitors
used in the electrical circuits.

In U.S. Pat. No. 3,732,945 to Lavigne, a transmitter
arrangement is described whereby the directivity of
energy can be changed by phase delaying the firing
times of a plurality of transmitters. The delay times are
fixed under control of a signal set at the surface. By
setting the control signal for different delays, specific
waves, such as the compressional or shear wave, in the
acoustic wave arriving at the sonic receivers, can be
emphasized by controlling the directivity of the acous-
tic energy at the transmitters.

Still another sonic well logging technique using elec-
trically selectable beam steering is described in U.S. Pat.
No. 3,614,725 to Moran. As described in this patent, the
downward directivity angle of an acoustic transmitter
beam may be varied remotely such as from the earth
surface by setting a magnetic bias on permeable cores
interconnecting separate transmitter elements.

Other well logging techniques using beam steering at

a set angle or resettable angle have been described, such
as found in the U.S. Pat. No. 3,475,722.

The well logging technique using beam steering as it
1s described in the above prior art does not provide for
an adjustment to frequent variation as may be encoun-
tered by a well logging tool when it traverses different
formations. In fact, a common practice with well log-
ging techniques having a beam steering capability is to
select a fixed beam angle based upon best estimates of
the formation characteristics rather than actual mea-
surements and maintaining this fixed angle through a
single well logging pass. Though such technique can be
a useful application of beam steering, the well logging
results may not utilize the optimum potential of beam
steering. Further, the relative physical position of the
transmitter and receivers in the prior art was not suit-
able in normal operations to allow proper use of actual
measurements to make steering adjustments.

SUMMARY OF THE INVENTION

In a well logging technique in accordance with the
invention, a dynamic beam steering technique is em-
ployed. A wave parameter is derived as a logging tool
is moved along the borehole. The parameter is then
utilized to dynamically adjust the steering of a wave to
optimize the derived parameter. The directivity pattern
of transmitters located on the tool is automatically ad-
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justed in accordance with the parameter as the tool is

moved along the borehole.
The terms ‘“dynamic steering” or “dynamic beam

steering” employed herein, means the real-time varia-
tion of the directivity of the energy transmission from
the transmitters as a function of a parameter derived
from a previously transmitted wave to enhance the
‘wave segment from which the parameter is derived.
With a well logging technique in accordance with the
invention, the direction of the energy from the transmit-
ters is optimized as a borehole investigation is con-
ducted
 In one form of dynamic beam steering, a particular
parameter of a received wave is preferentially empha-
sized by controllmg the directivity of the transmitters’
beam of energy as a measurement of the parameter.
‘In another embodiment, the parameter is derived at a
borehole location ahead of the transmitters and tempo-
rarily stored until the transmitters are moved to this
borehole location. The derived parameter is then uti-
lized to adjust the directivity pattern of the transmitters
in accordance with the value of the parameter of that
location. As a result, the wave segment from which the
parameter is derived is enhanced. |

As described with reference to one technique for
dynamic steering in accordance with the invention, a
well logging tool carrying a plurality of spaced trans-
mitters and receivers is moved upwardly along a bore-
hole. The upper and lower transmitters are both placed
below the receivers. The transmitters are then activated
successively with an initial relative delay selected to
produce a transmitted wave with its energy distribution
enhanced in the upward direction and at an angle opti-
mum for exciting the transmission of the wave through
the formation towards the receivers. Signals from the
receivers are promptly processed to derive a particular
parameter such as the travel time of the transmitted
wave through the earth formation between the receiv-
ers. When the transmitters are moved opposite the for-
mation for which the parameter was derived, the time
between the transmitter actuations is varied to empha-
‘size the transmitted wave by, for example, delaying
actuation of the upper transmitter relative to the lower
transmitter as a function of the derived travel time.

When the spacing between a pair of receivers used to
derive the parameter, differs from the spacing between
the transmitters, the activation delay is further cor-
rected for this difference.

The dynamic beam steering can be controlled in ac-
cordance with different parameters. For example, a
predetermined received wave characteristic can be
isolated and preferentially enhanced by controlling the
relative phasing between the transmitters which may
produce acoustic or electromagnetic energy beams. In a
sonic borehole investigation, the parameter employed in
dynamic steering may be, for example, the travel time of
the compressional or shear waves.

It is, therefore, an object of the invention to provide
a method and apparatus for dynamically steering the
energy transmissions produced by transmitters em-
ployed in the investigation of a borehole.

These and other advantages and objects of the inven-
tion can be understood from the following description
of several embodiments described in conjunction with
the drawings.

4

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a schematic representation of an apparatus
for dynamic steering in accordance with the invention;

FIG. 2 is a schematic representation of a method for
dynamically steering a beam of energy to preferentially
enhance a particular wave segment from whlch a pa-

rameter 1s derived;
FIG.31sa waveform derived from a sonic receiver;
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FIG. 4 is a schematic representation to an analog
technique for deriving a parameter to be preferentially
enhanced by dynamic steering.

DETAILED DESCRIPTION OF EMBODIMENTS

With reference to FIG. 1, a well logging system 10 is
shown in schematic form. A well logging tool 12 is
suspended from a cable 14 in a borehole 16 and is pro-
vided with a pair of transmitters 18.1 and 18.2 and a pair
of receivers 20.1 and 20.2. The transmitters are spaced
from each other by a distance S, which is selected so
that a delayed actuation of the transmitters can produce
a steered beam in a manner well known in the art.
Transmitters 18 and receivers 20 may be of various
types such as either acoustic or electromagnetic. When
the distance S,exceeds the wavelengths employed in an
electromagnetic transmission, the relative phase be-
tween the transmissions is so selected to result in the
desired directivity.

The well logging tool 12 may include such other
devices commonly found in borehole investigations
such as a caliper to measure the borehole diameter,
power supplies to actuate the transmitters 18 and con-
trol circuits to obtain the desired variable delay in the
actuating of the transmitters. Such devices are well
known, and thus for clarity have been deleted from
FIG. 1. Suffice it to point out that electrical power for
the various tool functions is supplied through cable 14
from above ground sources (not shown) together with
signal paths for control signals and waveforms from
receivers 20. | |
- In a typical well logging operation, the tool 12 is
moved upwardly as the transmitters 18 are activated at
a rate of the order of 20 pulses per second to.direct
pulses of energy towards the earth formation. The acti-
vated transmitters generate waves which travel to the
receivers 20 along a path as generally indicated at 21
and formed of a segment 22 passing through the bore-
hole medium near the transmitters 18, a formation seg-
ment 23 between transmitters 18, a common formation
segment 24, a formation segment 26 between receivers
20.1 and 20.2 for energy incident upon receiver 20.2,
and segments 28 and 28’ between receivers 20.1 and 20.2
respectively and the wall of the borehole. The receivers

5520 may be alternately enabled to produce received
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waves in response to transmitter activations.

In system 10, the received waves are amphﬁed and
transmitted up cable 14 to above ground signal process-
ing equipment along a line 30 as is generally well known
in the art. Depth signals are derived on line 32 by moni-
toring the length of cable 14 being paid out.

~ The received waves and depth signals are processed
to derive useful information about the earth formation.
As is well known in the art, a digital processor 34 may
be employed for such processing by converting the well
logging data to a compatible format. One technique for
converting the well logging information may be as de-
scribed in a copending patent application entitled
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“Method and Apparatus for Determining Acoustic
Wave Parameters in Well Logging”, filed on May 27,
1975 with Ser. No. 581,381 by the same inventor and
assigned to the same assignee as for this application.

- Several techniques are described in the copending
patent application for deriving a useful parameter from
the received waves. For example, the received waves
may be rapidly converted to a digital format and subse-
quently employed in special processing techniques to
yield a parameter such as velocity of the transmitted
wave Or in a sonic investigation the velocity of the
compressional wave V, in feet/sec or its inverse, the
travel time AT, in microseconds per foot. Such parame-
ter can be determined rapidly and reliably with process-
ing techniques which are completed in the interval
between successive transmitter firing cycles.

The parameter can be determined with a fixed pro-
grammed processor or one whose program can be al-
tered to suit different conditions. Details for implement-
ing such parameter determination can be obtained from
the previously identified copending patent application.

The process 34 is programmed as shown in section 36
to determine a parameter wave signal such as AT (travel
time) as a function of the depth of the tool 12 in such
short time that the AT determination is completed at a
rate compatible with conventional logging speeds. The
depth data on line 32 is referenced to a particular place
on tool 12 such as, for example, the location of the
receiver 20.2 farthest from transmitters 18, or the loca-
tion midway between receivers 20.

When the parameter AT is determined by processing
different waves from receivers 20.1 and 20.Z respec-
tively, the travel time for the borehole segment 26 be-
tween the receivers 20.1 and 20.2 is derived. Since this
borehole segment is located ahead of the transmitters
18, the parameter value or wave signal is stored along

with the depth of the borehole segment to which the
measurement relates as indicated at section 36 of proces-

sor 34.

The process of activating the transmitters 18.1 and
18.2 1s continued as tool 12 is moved up along the bore-
hole 16. The actual depth of the transmitters 18 is moni-
tored in section 38 of processor 34 since the distance
between the receivers 20 and the transmitters 18 are
known. When the transmitters 18 are operatively dis-
posed with respect to a borehole segment such as 26, for
which the parameter value AT has been previously
determined and stored, that value is used to compute an
activating delay AF between the transmitters with pro-
cessor section 40.

The delay AF can be expressed as a phase delay mea-
sured in microseconds. Thus, for example, a short inter-
val after the first transmitter 18.1 has been activated, the
second transmitter 18.2 is activated. The delay AF can
be dynamically determined on a number of bases.

In the embodment illustrated in FIG. 1, the activation
delay AF is determined as that needed to enhance the
transmitted wave traveling at the measured AT. Hence,
AF is equal to the travel time parameter value AT with
a correction factor to take into consideration the actual
spacing S,between the transmitters. For example, if the
parameter value AF is in microseconds per foot and the
spacing S, is equal to 1 foot, the actual delay is equal to
AT. If the spacing is, say 6 inches, then the actual delay
AF 1s divided by two in section 40.

Once the delay AF is computed as illustrated in sec-
tion 40, it is used in a section 42 of processor 34 to
control the relative activation of the transmitters. In a
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typical investigation, the transmitters 18 are activated at
regular intervals. The activation can be controlled re-
motely from the above ground equipment by sending an
appropriate pulse down cable 14. Suitable electronics
located 1n the tool 12 may then be relied upon to pro-
vide the relative activation delay between the transmit-
ters 18 together with a control signal, such as described
in the aforementioned U.S. Pat. No. 3,614,725 to Moran
to establish the desired activation delay AF. In such
case the activation control for the transmitters is partly
located down hole and partly above ground with the
section 42 providing, for example, the regularly recur-
ring activating pulses on line 44. A digital to analog
conversion of the activation delay signal AF from sec-
tion 40 i1s then employed to continuously adjust the
relative delay between the transmitter firings. Alterna-
tively, the delay AF may be transmitted down hole from
section 40 along cable 14 in digital format. In such case
the tool 12 is provided with appropriate storage net-
works such as described in the aforementioned U.S. Pat.
No. 3,732,945 to Lavigne to separately actuate transmit-
ter 18.1 fist, then followed by transmitter 18.2 with a
delay of AF.

The described activating delay control functions as a
closed loop control system which permits a well log-
ging operation to be conducted with the system perfor-
mance updated as a function of actual formation condi-
tions. As a closed loop control, the entire processing of
the waves to derive the control parameter for control of
the dynamic beam steering can be carried out down
hole. Appropriate processing devices capable of operat-
ing in the borehole environment can be placed in the
tool while digitized received waves are transmitted up
cable 14 for recording in suitable storage devices such
as tape recorders. |

For certain earth formations it may be desirable to
enhance different parameters. For example, in a sonic
borehole investigation it may be preferable to dynami-
cally beam steer for enhancement of the shear wave. In
such case the parameter determined in section 36 can be
the travel time for the shear wave ATS obtained in a
manner as described in the aforementioned copending
patent application. A delay AF in such case is computed
as a function of shear wave travel time and corrected
for the spacing S, while the value of AF related to the
borehole segment to which the transmitters 18 have
been operatively moved is used. -

When, in a sonic borehole investigation, the shear
wave 18 difficult to detect in the received waves, the
travel time ATS for the shear wave may be estimated
from a measurement of the compressional wave’s travel
time ATC as described in the previously identified co-
pending patent application. For example, ATS is known
to be greater than ATC by a factor which may vary
from 1.6 to about 2.0. The actual factor employed in the
estimate can be selected on the basis of a general knowl-
edge of the lithology at the depth of interest.

In the embodiment shown in FIG. 2 a technique 60
for dynamic beam steering of transmitters 18 to enhance
a particular parameter of a segment of a received wave
1s shown. The technique 60 may be carried out with a
single receiver 20 and with a processor such as 34 em-
ploying a fixed program or with a signal processor of
the variable programming type. In the technique 60 the
peak in a particular cycle of the received wave is opti-
mized. In such case a single receiver tool may be used or
one of the receivers 20 in tool 12 as shown in FIG. 1 is
disabled. The technique 60 of FIG. 2 is illustrated in
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simplified form with steps or components such as digi-

tizing of received waves, organization of data and de-
tections of particular waves being déleted for clarity.
Reference can be had to the aforementioned copending

patent application for such information.
The embodiment illustrated in FIG. 2 contemplates

the use of dynamic beam steering to maximize the mag-
nitude of a predetermined segment of a received sonic
wave such as the peak of the half cycle 62 following the
first cross-over 64 in the waveform 66 illustrated in
FIG. 3.

The technique of FIG. 2 may be commenced with a
first activation of both transmitters with an initial trial
activating delay AF, based upon an estimate of the
travel time for the compressional wave in waveform 66

of FIG. 3. For each actuation of the transmitters, the

delay AF is varied in increments of § around the trial
value AF for a total of » tries. For each try, a parameter
such as the magnitude of the peak (P,) in the half cycle
62 is measured and stored in association with the delay
AF used to obtain values P;. The best value of the pa-
rameter 18 selected, such as the maximum value for P,
and the corresponding delay AF is then used as an opti-
mum and new trial delay AF, for the next series of tries.

In terms of the process steps illustrated in FIG. 2, an
initial estimate, AF , is provided as shown in block 70.
Also, as shown in block 72, the values of » and 6 are
provided. The value of ¢ is of the order of a few micro-
seconds and generally is selected about 3 to 3 of the
width of the half cycle 62. In the example of FIG. 2,
0 =235 microseconds.

‘The value for # is chosen as that whole integer num-
ber found useful for optimizing AF. Generally, an odd
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numbered value, such as n=3, for the above range of ;5

values for 6 may be used.

As shown in block 74, a delay AF' is computed as a
variation of AF, depending upon the values of n and &
and  according to the relationship
AF =AF,—(n—1/2)d. Also, a trial counter, NT, is ini-
tialized here to the value 0.

In block 76 of FIG. 2, the deiay AF’ 1s used to control
the delay between the actuations of two transmitters,
T, and T,, as shown at 18.1 and 18.2, respectively, in
FIG. 1. The resulting acoustic wave arrives at receiver
20.1 and 1s transduced to an electrical form.

A processing technique as described in the previously
identified copending patent application, may be used in
block 78 to digitize the received wave for further pro-
cessing such as plotting or analysis after storage in block
80. The digitized waveform 66 is then scanned in block
82 to identify the half cycle 62 and its peak energy, P,,
determined and stored. If desired, the arrival time ¢, of
the peak value, P,, in the half cycle may also be de-
tected and stored. The value ¢, is determined with refer-
ence to the activating time of the transmitter 18.1,
which is farthest away from the receiver 20.1.

The detection of the half cycle 62 may be carried out
by initially detecting the first motion 68 and its arrival
time in waveform 66 using one of the techniques de-
scribed in the previously identified copending patent
application. Once the arrival time of the first motion is
known, the first cross-over 64 is detected by scanning
the waveform 66 starting at the first motion 68. The
entire half cycle may then be identified by detecting the
second cross-over 65 so that all sampled values of the
half-cycle 62 can then be examinined for the location
and storage of ithe magnitude of the peak value P,.

435
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The previously discussed trial counter NT is then

incremented as shown at 84 and tested at 86 for equality
to n, the number of tries specified in block 72. Since, on
the first try, N'T will be less than », the answer of test 86

will be NO and the process continues at block 88.
In block 88 the previous delay AF’ is adjusted by the

increment & to provide a new value for AF’ which is
then used as described for blocks 76 through 86.

When n tries have been completed NT—n and the
result of the test block 86 in YES. The process continues
as shown in FIG. 2 to block 90 where the derived pa-
rameter values, such as P,, for the “»n” various AF’
values are examined. The AF' for the best parameter
value 1s selected and subsequently used in the previ-
ously described process as the optimal trial value, AF,,
for the next series of firings by starting again at block
74.

FIG. 4 illustrates an analog technique 100 for deriv-
ing the peak value of the first half cycle 62 as a replace-
ment for the blocks 78 and 82 shown in FIG. 2.

Thus, in block 78A an enabling signal is generated on
a line 104 after both transmitters 18.1 and 18.2 have been
activated as in block 76 in FIG. 2. The enabling signal
may be produced after sensing the first cross-over 64
and is disabled after the second cross-over 65 is sensed.

The enabling signal is applied to an analog logic gate
106 to enable signals from a receiver on line 108 to be
applied to a threshold detector 110. The latter’s output
112 is coupled to an analog logic gate 114 to provide an
enabling pulse with a duration equivalent to the time
that the first half cycle exceeds a threshold value set to
exclude spurious noise signals.

The half cycle signal is thus passed through analog
gates 106 and 114 to a peak detector 116 to measure the
peak value, P, of the half cycle 62. A network 118 is
used to sense the end of the enabling pulse from thresh-
old network 110 and produces a pulse representative
thereof on line 120 to activate a sample and hold net-
work 122.

After a delay by network 124 to enable the sampling
by network 122, a convert command signal is applied on
line 126 to an analog to digital (A/D) converter 128.
The latter converts the sampled half cycle peak vlue,
P,, stored in network 122 to a digital format suitable as
input to the signal processor along the input 130.

The signal processor receives the peak value at block
82A at such time as the peak value is available in accor-
dance with a suitable instruction signal from A/D net-
work 128. Subsequent steps by the signal processor are
performed as previously described with respect to FIG.
2 by continuing with the step in block 84.

There has been illustrated a method and apparatus for
enhancing the segment of a wave in a borehole investi-
gation by controlling the directivity of the source of
energy during the mmvestigation as a function of a pa-
rameter derived from the enhanced segment. This tech-
nique may be utilized with. different sources of energy
such as acoustic or electromagnetic. The real-time con-
trol over the directivity of the energy beam enhances
detection of the parameter and advantageously allows
greater spacings of the receiver from the transmitters to
improve a borehole investigation.

The above-described embodiments are intended to be
exemplary and variations therefore may be contem-
plated without departing from the scope and spirit of
the invention.

~What is claimed is:




S

1. A method for investigating a borehole with a well
logging tool having a plurality of transmitters for gener-
ating separate transmissions which may be variably and
relatively delayed to provide a steerable energy beam
and further having a receiver operatively located ahead
of the transmitters to receive incident transmissions and
generate a received wave representative of the borehole
investigation comprising the steps of

deriving a parameter from the received wave; and

automatically varying the activating delay between

the transmitters as a function of the derived param-
eter to dynamically steer the transmissions from
sald transmitters in a direction towards the receiver
during the borehole investigation.

2. The method for investigating a borehole according
to claim 1 wherein the deriving step further includes
deriving a parameter of a wave in the received wave
and related to a predetermined segment of the borehole:
and

wherein the varying step includes the step of varying

the delay between the transmitters as a function of
the derived parameter when the transmitters are
operatively located with respect to the predeter-
mined borehole segment to whlch the derived pa-
rameter relates.

3.'The method for investigating a borehole according
to claim 2 wherein the deriving step further includes
storing parameter values relates to predetermined bore-
hole segments; and

applying the stored parameter values to vary the

delay between the transmitters in the order with
which the parameter values were derived to pro-
vide a dynamically steered energy beam from the
transmitters.

4. The method for investigating a borehole according
to claim 2 wherein the varying step further includes the
step of adjusting the parameter value as a function of the
spacing between the transmitters to provide an activat-
ing delay porportional to the parameter value.

5. The method for investigating a borehole according
to claim 1 wherein the derived parameter is the travel
time of a predetermined characteristic of the received
wave. -

6. The method for investigating a borehole according
to claim 1 wherein the derived parameter is the magni-
tude of a predetermined segment of the received wave.

7. A method for investigating a borehole with an
acoustic well logging tool having at least a pair of sonic
transmitters and a sonic receiver located operatively
ahead of the sonic transmitters to produce received
waves representative of the acoustic investigation com-
prising the steps of

deriving for successive segments of the borehole

parameter values of a wave received from the re-
celver:

storing the parameter values as said tool is moved

along said borehole; and

varying the delay between respective sonic transmit-

ter firings as a function of the stored parameter
values when the sonic transmitters are operatively
located with respect to the borehole segments to
which the stored parameter values relate.

8. The method for investigating a borehole in accor-
dance with claim 7 and including the step of

adjusting the parameter values in accordance with

the spacing between the sonic transmitters to pro-
vide transmitter firing delays between the transmit-

4,123,744

5

10

15

20

25

30

35

45

50

53

60

65

10

ters selected to enhance the wave whose parameter
value is derived.

9. The method for investigating a borehole in accor-
dance with claim 8 wherein the derwmg step further
includes the steps of

detecting a predetermined segment of the received

wave;

measuring a characteristic parameter for the prede-

termined segment; and

applying said measured parameter to vary the delay

in a direction selected to enhance the predeter-
mined segment with subsequent firings of the trans-
mitters.

10. The method for investigating a borehole in accor-
dance with claim 9 wherein the segment detecting step
further includes

detecting the first motion in the received wave; and

detecting the first half cycle in the received wave

following the first cross-over subsequent to said
detected first motion.

11. The method for investigating a borehole in accor-
dance wita claim 10 wherein the characteristic parame-
ter measuring step further includes

scanning said half cycle to determine the magnitude

of its peak value.

12. A method for investigating a borehole with a well
logging tool having at least a pair of transmitters for
generating a steerable beam of energy in response to .
relatively delayed activation of the transmitters and a
receiver operatively located ahead of the transmitters to
produce received waves representative of the borehole
investigation comprising the steps of

determining a delay for respective activation of the

transmitters in accordance with a predetermined
variation relative to a trail delay value:

activating the transmitters in accordance with the

determined delay;

deriving a parameter value of a received wave from

the receiver for the determined delay;

repeating said determining, activating and deriving

steps for different delays determined in accordance
with the predetermined variation;

selecting the best parameter value and associated

delay from those parameter values derived for the
different delays; and

replacing the trial delay value with the delay value

associated with the best parameter value for further
investigation of the borehole with said tool.

13. The method for investigating a borehole in accor-
dance with claim 12

wherein the parameter deriving step further includes

the step of -

detecting a predetermined segment of the received

wave; and

measuring the peak value of said predetermined seg-

ment as the parameter value. |

14. The method for investigating a borehole in accor-
dance with claim 13

wherein said transmitters produce pulses of acoustic

energy which said receiver responds to for gener-
ating said received wave, with said detecting step
including the step of detecting a predetermined
half cycle following the first motion of the received
wave.

15. An apparatus for investigating a borehole with a
well logging tool employing a plurality of transmitters
located to enable variation of the directivity of the beam
of energy from the transmitters by controlling the rela-
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tive delay in activation of the transmitters with a re-
ceiver located to reslaond to incident transmitter gener-
ated energy for receiving a wave representatwe of the
borehole investigation comprising -
means operative during the borehole 1nvest1gat10n for
producing a parameter signal representative of a
characteristic of a received wave;
means responsive to the parameter signal for produc-
ing an activating delay signal whlch is a function of
the parameter signal; and
means for applying the activating delay signal to the
transmitters to direct the beam of energy therefrom
during the borehole investigation in a direction
selected to optimize said received wave character-
istic from which the parameter signal is produced.
16. The apparatus for investigating a borehole in
accordance with claim 15 wherein the parameter signal
producing means further includes
means for storing the parameter signals; and
means for selecting the stored parameter signal for
control over the directivity of the energy beam
from the transmitters in accordance with the bore-
hole segment to which the transmitters have been
moved during the borehole investigation.
17. The apparatus for investigating a borehole in
accordance with claim 16
wherein the activating delay signal producing means
further includes means for adjusting the activating
delay signal for the spacing between the transmit-
ters. |
18. An apparatus for investigating a borehole with a
well logging tool located in the borehole for movement
in a logging direction comprising
a well logging tool having a plurality of transmitters
selectively spaced from each other to enable gener-
ation of a beam of energy with a controllable direc-
tivity and a receiver to produce a received wave in
response to incident energy, said receiver being
located ahead of the transmitters as measured along
the logging direction;
means responsive to the received wave for producing
a parameter signal representative of a characteristic
of a received wave;
means responsive to the parameter signal for generat-
ing an activating delay signal representative of a
 desired direction of the beam of energy; and
means for applying said activating delay signal to
activate the transmitters for real time direction
control of the beam of energy produced therefrom.
- 19. The apparatus for investigating a borehole in
accordance with claim 18 wherein said activating delay
signal generating means further includes
means for adjustmg the parameter signal as a function
of the spacing between the transmitters.
20. The apparatus for investigating a borehole in
accordance with claim 18 wherein the parameter signal
generating means further includes
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means for deriving a segment signal representative of
a predetermined characteristic of a selected seg-
ment of the received wave generated with a trial
delay for activating the transmitters; and

wherein the activating delay signal generating means

further includes

i. means for producing a plurality of activating
delay signals representative of delayed activa-
tions of the transmitters about the trial delay
value;

- ii. means for storing the segrnent signals and their

associated activating delay signals; and
iii. means for selecting the delay signal associated
with the best segment signal as a new trial delay.

21. The apparatus for investigating a borehole 1n
accordance with claim 20 wherein the means for deriv-
ing the segment signal derives the peak value of said
selected segment.

22. The apparatus for investigating a borehole In
accordance with claim 20 wherein the means for deriv-
ing the segment signal derives the velocity of said se-
lected segment.

23. An apparatus for investigating a borehole with a
well logging tool located in the borehole for movement
in a well logging direction comprising

a well logging tool having a plurality of acoustic

pulse producing transmitters selectively spaced

- from each other to control directivity of transmit-
ter produced sonic energy by varying the firing
delay between the transmitters, said tool further
having a pair of sonic receivers each of which
produces a received wave in response to incident
acoustic energy, said receivers being located ahead
of the transmitters s measured along the logging
direction;

means responsive to the received waves from the

receivers for deriving parameter signals representa-
tive of a characteristic of a received wave and
related to successive borehole segments;

means for storing said parameter signals;

means for producing relatively delayed firing signals

for said transmitters as a function of the stored
parameter signals and related to the borehole seg-
ment with respect to which the sonic transmitters
are being operatively moved.

24. The apparatus for investigating a borehole ac-
cordmg to claim 23 wherein the parameter 51gnal deriv-
ing means further includes

means for generating wave signals representative of

the velocities of a predetermined wave in the re-
ceived waves as the parameter signals.
* 258. The apparatus for investigating a borehole ac-
cording to claim 24 wherein said delayed firing signal
producing means further includes
means for correcting the wave signals as a function of

the spacing between the transmitters.
* &k %k %k % -
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